This work presents a procedure for the automated design and optimization of reinforced concrete beam bridges. The aim is to find solutions that minimize the investment cost and the environmental impact of the bridge. The complete structure is optimized including: number of spans, pier locations, pier-deck connections and deck dimensions. A detailed design of the deck reinforcement is included as well. Furthermore, constructability is considered and quantified within the investment cost to avoid a merely theoretical optimization. Genetic Algorithm (GA) and Pattern Search (PS) optimization algorithms are used. To reduce the computational time and make the procedure more user-friendly, a memory system is integrated and a modified version of GA is developed. In this paper, the proposed procedure is applied to re-design an existing bridge Nordic Concrete Research -Publ. No. NCR 61 -ISSUE 2 / 2019 -Article 4, pp. 53-78 54 originally designed according to Eurocodes by an experienced engineer in 2013. Savings of 10-15% for both investment cost and environmental impact have been obtained. Finally, the proposed procedure has been applied to several alternatives with different total bridge lengths to suggest the optimal number of spans for a given total bridge length.
INTRODUCTION

General
The most used design approach for civil engineering structures is a trial and error procedure; the designer chooses an initial configuration, tests it and changes it until all design requirements (serviceability, safety, durability, etc.) are met. Such a procedure has been used for decades in all engineering fields; however, it is time consuming and eventually leads to a feasible solution, while several better ones could be found. Indeed, safety is not the only requirement that the construction sector has to meet. Buildings and construction account for 39% of energy-related CO2 emissions [1] . In particular, concerning concrete structures, the cement industry by itself is responsible for around 5% of the global emissions of CO2 [2] . Moreover, the economic burden of important infrastructures such as bridges is not negligible. Therefore, together with safety, environmental impact and investment cost should be decisive factors for the selection of a structural solution.
The current design practise paired with years of experience can give rise to rules-of-thumbs for preliminary design [3] that could result in a good solution, but cannot guarantee the cost and emission-efficiency of the structure. To do so, several different solutions should be considered and compared in order to choose the optimal one. Thus, structural optimization with respect to environmental impact and cost has become of major interest in the last decades. The academic world has been continuously active in the field of structural optimization of bridges from 1970 [4] [5] [6] until today. Topology optimization has been applied to identify the best material layout for several types of bridges [7] [8] . When the attention is focused on one particular bridge type, size optimization is a common area of research; some works consider also materials as design variable, while few works optimize the structural configuration. In particular, reinforced concrete (RC) portal frame bridges [9] [10] [11] , cable stayed bridges [12] [13] [14] and suspension bridges [15] [16] [17] have been object of many researches. Concerning beam bridges, the main object of study has been the deck. Size optimization with the aim of minimizing cost has been performed for prestressed concrete (PC) [18] [19] , RC [20] [21] and steel-concrete composite decks [22] . Not only cost, but also CO2 emissions have been minimized for PC [23] [24] and steel-concrete composite decks [25] . Finally, an attempt to consider the structural system in the optimization has been made in [26] : a PC bridge is cost optimized by selecting the optimal number of spans, the number of girders and deck dimensions, assuming that the superstructure consists of a series of adjacent simply supported girders.
Even though the academic world has been active in the field of structural optimization for many decades, such techniques have not replaced the traditional design procedure yet. Pedro et al. [22] identify the reason for this in the constructive feasibility of the optimal solution. Cost optimization in literature mainly deals only with material cost. However, labour cost, time needed to erect the structure and formwork play an important role in the economy of cast in place structures [27] .
Moreover, most of the studies optimize one component of the structure (e.g. deck); system optimization including structural configuration and component sizes is rare [28] . Concerning continuous RC beam bridges, no article in literature has been found dealing with the optimization of the entire bridge including both the structural configuration and sizes, to the best of the authors' knowledge. Finally, to apply structural optimization in bridge design, computational time has to be kept limited without losing accuracy. Some techniques are proposed in [22] and [29] .
Therefore, this work aims to cover the gap between theoretical studies and actual application by proposing a new design and optimization approach for RC beam bridges. Given the soil morphology and the two points the bridge has to connect, this method produces a complete optimal solution including: number of spans, pier locations, pier-deck connections, deck crosssection dimensions and corresponding reinforcement amount and layout. Investment cost or environmental impact of the entire bridge can be minimized. In particular, in the investment cost calculation material cost is considered together with labour cost, which is computed as a function of the time needed to construct each bridge component. It this way, optimal solutions inappropriate for actual construction are avoided. Genetic Algorithm (GA) and Pattern Search (PS) are used as optimization algorithms. Finally, to reduce the computational time and to make the procedure more user-friendly, a memory system has been integrated and a modified version of GA has been proposed.
METHODOLOGY
The proposed method consists of an iterative optimization procedure divided in several modules ( Figure 1 ).
Figure 1 -Design and optimization process.
In . The total number of variables is, therefore, function of the number of spans. Since optimization algorithms require a fixed number of design variables, it is not possible to optimize all variables at the same time. Therefore, the approach proposed in [32] is adopted: the problem is divided in two consecutive levels and several sub-levels as shown in the example of Figure 2 . Level 1 has the goal of optimizing the static system (i.e. number of spans, pier locations and pier-deck connection), while level 2 has the goal of optimizing the cross-section dimensions. Level 1, in turn, is divided in sublevels: one for each possible number of spans. In the example of Figure 2 , four, five and six spans are analysed. Each sub-problem of level 1 is solved through the procedure of Figure 1 : in particular, the deck cross-section is kept constant and with dimensions defined by the user, while the variables are the intermediate pier locations and their connections with the superstructure. At the end of level 1, the optimal static system configurations for all sub-problems are compared. The one resulting in the lowest investment cost or environmental impact is selected and used in level 2. Also level 2 follows the procedure of Figure 1 , but has all cross-sectional dimensions of the deck as design variables. Dividing the procedure in two levels not only solves the problem of varying number of variables but also allows for finding the optimal solution in a faster way by reducing the total number of variables treated simultaneously.
A software that performs the steps described above has been developed in MATLAB®.
Concerning the FEM software for the structural analyses, any software able to handle moving traffic loads and all the load combinations requested by Eurocodes could be used in Modules 2 and 3. In the present work, a Swedish FEM software called Strip-Step 3 has been used. The calculations are made according to Hooke's law and Navier's formula. Timoshenko beam elements have been employed.
Optimization problem
The general mathematic formulation of a nonlinear optimization problem is that in Eq. (1) [33] :
where fi(x) are called objective functions, while gj(x) and hk(x) are the constraints of the problem.
The vector x contains the design variables, which are the quantities the optimization algorithm can independently vary in order to minimize the objective functions. User-defined quantities needed to describe the problem are called preassigned parameters.
Design variables can be discrete or continuous based on the structural property they represent. Four categories of variables can be identified in the field of structural optimization of discrete structures: material properties, structural system topology (i.e. connections between structural members), structural system shape and structural members' size. While those belonging to the last two categories are usually continuous, the rest are discrete.
Constraints instead can be divided in two main categories: linear and nonlinear. The latter, together with linear constrain functions of two or more design variables, make constrained optimization problems more difficult to handle than unconstrained ones. To address this issue, a strategy can be to solve an equivalent unconstrained problem instead of the original constrained one using the penalty method [33] . The objective function f(x), here assumed to be unique for the sake of simplicity, is replaced by the penalized objective function Π(x, µ, ν) in Eq. (2).
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The penalty term P(x, µ, ν) has several popular definitions, among which the one in Eq. (3) [34] . 
With these definitions, the penalty term is proportional to the magnitude of the constraint violations. The penalty method, however, handles the constraints issue while computing the objective function; this implies all the intermediate steps between assigning values to the design variables and computing the corresponding objective function. This entire process can be time consuming; an alternative could be to evaluate constraints as soon as the solution has been generated (values for the variable has been assigned) and discard it in case it is not feasible. Both methodologies have been used in the present work to handle different types of constraints.
Numerical implementation
At the current stage, the developed software performs a single-objective optimization using investment cost or environmental impact as fitness function. However, during the process, both values are calculated and saved.
Investment cost
The investment cost (IC) of the entire bridge is computed as the sum of those of each part of the structure. For each bridge component, the investment cost is calculated by summing two contributions: material cost (MC) and labour cost (LC). Material cost for a specific material (m) and bridge component/element (e) is calculated as in Eq. (5).
where: Cm = unit price for material m (Appendix A), = amount of material m in the considered element e.
To properly evaluate the labour cost, several factors such as climate, weather and location of the bridge should be considered. However, when optimizing the geometry of one specific bridge, they would not change the solution. Instead, practical considerations about constructability are necessary. What determines the labour cost is the time needed to build an element, which is not only related to the amount of material, but also to the complexity of the considered element. Based on the shape, location and function of the element, the time needed to erect it can vary significantly. For instance, one element can have several shapes as for the deck in Figure 3 . The reinforcement labour is of increasing difficulty going from cross-section type 1 to type 3, thus making the process longer. Therefore, labour cost for a specific material (m) and bridge component/element (e) is calculated as in Eq. (6).
where: Ch = cost of labour per hour, tm = nominal time needed to construct/install one unit of material m (Appendix B) and = constructability coefficient taking into account specific issues occurring when constructing/installing material m for element e (Appendix B). Since the foundation slab is the bridge component with the easiest construction procedure, it has been used as reference element. Therefore, the following interpretation is possible: tm = time needed to construct/install one unit of material m in a slab foundation (Table 1 ), = ratio between the time needed to construct/install one unit of material m in element e and tm. Assigning specific values to nominal time and constructability coefficients is difficult: the actual manufacturing time depends on non-quantifiable factors such as the expertise of workers. However, not including constructability coefficients would lead to a fictitious optimization of the structure. The amount of material would be minimized in each element and it could result in slender solution difficult to build. Values used in this work have been collected interviewing experienced designers and construction estimators from companies in Sweden. 
Environmental impact
The quantification of the potential environmental impact (EI) is done with the life cycle assessment (LCA) technique. ReCiPe with midpoint approach [35] is used as method for life cycle impact assessment (LCIA). Unit emissions are taken from the life cycle inventory (LCI) database Ecoinvent v.2.01 [36] used by the SimaPro software [37] . This LCI database considers the typical European technologies and averages data collected in Europe and Worldwide; moreover, it assumes the amount of recycling steel to be 37%. Single material producer could use different production technologies and the amount of recycling steel could vary. Thus, different values can replace those in Table 2 in the proposed procedure.
To summarize, the idea behind LCA is that each material or energy consumption in each life cycle stage produces emissions of various types. These lead to several effects on the environment that can be classified into impact categories. Many previous studies about environmental impact of structures/bridges have considered only one impact category, i.e. climate change [3, 23 and 24] . In this work, to perform a more complete analysis, three impact categories are considered: climate change (CC), terrestrial acidification (TA) and freshwater eutrophication (FE). In order to compute one single indicator of the potential environmental impact, a further step is necessary. Weighting, indeed, consists in aggregating all total potential impacts in one single indicator. Based on society and political evaluation, a relative importance, i.e. weight, is associated to each impact category [38] .
For impact category k, material m and life cycle stage l, the potential impact ( , ) expressed in equivalents of a certain LCI item is calculated as in Eq. (7) .
where: qm = consumption of material m, , = emission of LCI item for impact category k per unit material m during life cycle stage l ( Table 2 ). The total potential impact (Ik) in category k and the total potential environmental impact (EI) are expressed by Eq. (8) and (9), respectively.
where: wk = weighting factor for impact category k. Concerning the lifecycle stages, a cradle-to-gate approach considering only the material production phase is chosen for several reasons. First of all, previous studies [39] [40] have shown that this stage is the most influential one for the studied structure. Furthermore, the aim of this work is finding the best solution, in terms of static system and dimensions, for one particular structural type (i.e. RC beam bridges). In each problem, the construction method and the maintenance schedule are assumed to be the same regardless of the solution. As a consequence, it is reasonable to expect that these phases would not significantly affect the choice of one solution instead of another. Finally, the positive effect of cement carbonation during use and demolition is not included in the calculation; it has an effect on the long term while the environmental issue needs to be promptly addressed. Moreover, due to their re-use, the production of material for temporary structures (i.e. scaffolding and formwork) is not included in the calculations. Concerning the weighting system, results of a previous study with similar aim [11] showed no great differences between the solutions obtained using two different weighting systems based on the monetary value of environmental impact: Ecotax02 [41] and Ecovalue12 [42] [43] . Table 2 shows that both concrete and reinforcement steel in production phase emit much more CO2 than SO2 or P per unit material. As a consequence, regardless of the adopted weighting system, climate change is always the leading impact category. Therefore, Ecovalue12 is used in this work since it is more recent (Appendix C).
Constraints
When it comes to structural optimization, two main types of constraints have to be considered: structural and operational constraints. All the requirements of the Eurocodes and the national codes concerning ULS and SLS belong to the first category. In particular, in this work, the deck cross-sections are checked for crack width (w), bending moment (M), shear (V) and torsion (T). At the current stage, the focus is on cross-sections with the shape shown in Figure 4 , which is simplified as in Figure 5 and Figure 6 for the ULS and SLS checks in the longitudinal direction. Before starting the optimization, the user has to assign all dimensions of the deck cross-section (h1, h2, h3, b3 and b2/h1), which are kept constant along the bridge during level 1 except for the web height (h1). In level 1, h1 is constantly updated and varies along the deck. This updating procedure is divided in two steps. In the first step, a set of values for the web height along the deck is assumed and the external FEM software uses it for the structural analysis. In the second step, the results of the structural analysis are used to find in each cross-section the minimum h1 and the corresponding reinforcement that fulfil ULS and SLS requirements. The minimum height is then increased by 30% to account for the variations in the internal forces that are introduced by the new web heights. Whenever this value exceeds the maximum allowed by the user, the latter is used. Concerning the first step of the updating procedure, in the first cycle (i.e. iteration) of the process of Figure 1 , h1 is assumed constant along the bridge and equal to the user-defined value.
In consequent iterations instead, values from the previous cycle are used as starting point for the updating procedure. Given the updated deck heights, the structural analysis is performed again and internal forces and moments are used to re-design the minimum needed reinforcement. In level 2 instead, the web height is one of the variables; therefore, the reinforcement is immediately designed for each possible solution without any updating procedure on h1. Concerning reinforcement design, the user has to assign bars diameters, spacing and cover considering the codes and the specific bridge requirements (e.g. exposure class). The calculated reinforcement is not a theoretical value arbitrarily placed in the cross-section. Instead, it is the result of a specific bar layout which physically fits in the cross-section and guarantees the required capacity. Working in terms of total amount and ideal centre of gravity of the reinforcement has a big risk: due to the cross-section dimensions, the actual placement of the bars could lead to a different centre of gravity and a lower resistance. Thus, the need for a design that arrives to the detail of reinforcement bars layout. If the required reinforcement exceeds the maximum allowed by design codes, the latter is used instead. Infeasible cases are treated with the penalty method. Referring to Eq. (3), only the first term is considered and the magnitude of the constraint violations for each cross-section is computed as in Eq. (10),
where: UE/LE = upper edge/lower edge, Ed = action on the cross-section and Rd = resistance. In addition to the above mentioned constraints in the longitudinal direction, cross-sections are verified and reinforcement is designed for bending and shear of the overhang slab due to eccentric traffic. All possible locations of vehicles are considered together with the scenario of missing edge beam due to replacement. In this section, recommendations from national codes [44] and previous researches [45] have been followed.
Besides codes requirements, bridges are infrastructures built in order to cross obstacles. Therefore, there are areas where piers cannot be place and minimum vertical clearance must be guaranteed. These considerations fall in the previously mentioned category of operational constraints. In level 1, for solution with piers in infeasible regions, no structural analyses are performed: a fictitious value for the objective function is assumed, instead. To make the optimization algorithm discard such solutions in favour of feasible ones, the default value is set at one order of magnitude higher than the expected output for a feasible solution. Concerning the minimum vertical clearance, it is checked in both levels and it is treated with the penalty method. The magnitude of the constraint violation is computed as in Eq. (11).
where: hunder = free height under the bridge deck and ℎ , = minimum vertical clearance for j-th obstacle.
The reason for employing the penalty method for all these constraints is that they are intrinsically non-linear. The only linear constraints considered in this work are defined by the user in terms of limitations on the cross-section dimensions and on span lengths. Since in level 2 cross-section dimensions are the variables of the problem, these linear constraints are simply used to narrow down the searching space [xmin, xmax]. Such procedure cannot be applied to the limitation of span lengths since each length is function of two variables of level 1 (i.e. piers locations). Therefore, a linear constraint is given as input to the optimization algorithm selected for level 1 and is implemented in the form of Eq. (12) .
Where x and b are vectors containing the variables of level 1 and minimum and maximum values for each span length, respectively. A is a matrix of 1 and 0 built such that each row of the product A•x represents the length of one of the spans.
Optimization algorithms
The selection of the type of optimization algorithm to use is influenced by the nature of the problem and of the objective function. Moreover, when it comes to practical problems, computational time plays an important role as well. The most time-consuming step of the procedure explained in section 2 is the use of a FE software application. Such a step is performed for each individual (i.e. set of tested variables) of each iteration. In level 1, it is performed twice per individual to find the deck height and design reinforcement. Considering this and the large number of variables in level 2, it is not reasonable to employ exhaustive search in this problem. Instead, using an optimization algorithm that searches in several areas of the domain to find the best solution in the shortest time is preferable. Thus, the combination of local and global search is fundamental for this problem and metaheuristic optimization algorithms could be an appropriate choice. Especially in level 1, another issue points towards this kind of algorithms: some variables are continuous (i.e. pier location), while others are discontinuous (i.e. pier-deck connection can only be fixed or movable). The complexity of a mixed-integer optimization problem and the consequent discontinuity of the objective function can be handled by the robustness of metaheuristic algorithms. In both level 1 and 2, the two objective functions are strictly related to the amount of materials. Concerning concrete, this amount is the result of geometric calculation based only on the variable values. Instead, the reinforcement amount is the result of a design procedure which takes into account several load scenarios and verifications. Thus, the relationship between the variables and the objective function is implicit and non-continuous. As a consequence, derivative-based optimization algorithms cannot be used for the studied problem in neither of the two levels. Moreover, in level 1, deck heights are computed with an updating procedure which starts from a set of values randomly chosen or taken from the previous iteration. These values are not related to the variable values of the current iteration. It results in the introduction of random noise in the objective function of level 1, which suggests the use of stochastic optimization algorithms. The fact that stochastic algorithms can be slower than deterministic ones is not a major problem in level 1 since the number of variables is much lower than in level 2.
For all the reasons listed above, two gradient-free optimization algorithms have been chosen: Genetic Algorithm (GA) for level 1 and Pattern Search (PS) for level 2. GA can be classified as a metaheuristic optimization algorithm that combines local and global search using randomization (i.e. stochastic). On the other hand, PS is a deterministic local search algorithm. Level 2 shows fewer difficulties than level 1 and a more straight-forward relationship variables-objective function; therefore, a local search algorithm such as PS is expected to work well. An attempt to apply GA also to level 2 has been made but it performed worse compared to PS. Furthermore, in order to make the optimization procedure faster and more user-friendly, a memory system has been integrated and GA has been customized for this specific problem. First of all, the user has to choose accuracies for the variables. At the beginning of iterations, variable values are rounded according to the accuracies. Then, results for every studied individual are saved in a continuously updated database and re-used in future iterations for individuals that differ from those in the database by less than the preassigned accuracies. In such a way, the two optimization algorithms still work with continuous instead of difficult-to-handle discrete variables but a large portion of the computational time is saved. Concerning the optimization algorithms, GA and PS provided in MATLAB® Optimization Toolbox [46] have been used. However, two customized stopping criteria have been added to GA. One of the default stopping criterion of GA consists in: i) collecting the values of the fitness function of the best individuals of all iterations, ii) computing the relative average change in the fitness function over a user-defined number of consecutive iterations, iii) comparing it with a user-defined threshold and terminate the optimization if it is lower than the threshold. Ideally, this threshold would represent the saving of the objective function that can be considered non-significant for the studied problem. However, the default stopping criterion computes the average over all consecutive iterations regardless of the fact that they are improving or not (i.e. zero relative change). In such a way, non-improving iterations lower the average and make the threshold loose its original meaning. The solution to this issue would be increasing the number of iterations to reduce the influence of non-improving ones while decreasing the threshold. However, this would lead to a more time-consuming process. Moreover, how much the threshold should be reduced is unclear. Therefore, one of the customized stopping criteria is inspired by the default one but considers only improving iterations. Thus, the process is faster and the definition of the threshold and the number of iterations to compute the average on is more straight-forward for the user. However, when the optimal solution is approached, the amount of non-improving iterations increases. The risk is that the process keeps going because there are not enough improving iterations to compute the average on. In these situations, it has been noticed that GA tends to create population of almost identical individuals. Therefore, the second ad hoc stopping criterion consists of terminating the optimization when a user-defined amount of individuals of the current population are identical and no improvement in the fitness function is achieved from the previous iteration. To prove the efficiency of the customized optimization algorithms with integrated memory system, a simple example with only two spans (i.e. two variables in level 1) has been considered. Results show a reduction of 66% in the computational time with no significant differences in the optimal solution. For this example and for the results shown in the rest of the paper, several tests are carried out and the following parameters are selected. Regarding the default GA and PS stopping criteria, most of the default parameters provided in the MATLAB® Optimization Toolbox are used to let the optimization run as long as possible and increase the chances of reaching the minimum. Concerning the additional GA stopping criteria, the optimization of the static system is terminated when the relative average change over 10 improving consecutive iterations is lower than 5% and/or at least 30% of the individuals of the current population are identical. During the deck dimensions optimization using PS, the process stops when the improvement in the objective function is less than 3% the starting value at the end of level 1 and the mesh size is lower than 10 -3 . Concerning the populations for GA algorithms, the size is 80 with 10 elite individuals and 0.7 crossover fraction. Finally, the initial mesh size for PS is 150. Concerning the mesh size unit, it is the one of the variable the mesh is applied to. In this case, it is meters for the cross-section dimensions and meters/meters for the web inclination.
CASE STUDY
The proposed procedure has been applied to make a new virgin design of an existing beam bridge crossing Norrtälje River, Sweden. The real bridge was designed in 2013 by the Swedish company ELU Konsult AB according to Eurocodes requirements.
The built bridge
The shape of the cross-section of the deck and the elevation of the bridge are shown in Figure 4 and Figure 7 , respectively. It has five spans (21.5 + 27 + 27 + 27 + 21.5 m) and three foot paths with a minimum vertical clearance of 3 m. The deck has constant width of 10 m except for the first span from the left and part of the second one, where it varies from 15.4 m to 10 m. The total height of the deck cross-section is equal to 1150 mm at all mid-spans and in correspondence to the first and last supports, while it is 1650 mm in correspondence to the internal piers. The cantilever part of the deck is constant along the bridge and has a minimum thickness (h3) of 200 mm, a maximum one (h2+h3) of 350 mm and a length (b3) of 2690 mm. The web inclination (b2/h1) is constant as well and equal to 0.38. The concrete in the superstructure is of quality C35/45, that in the substructure is C30/37 and the reinforcement is B500B. To allow a fair comparison with the optimal solution found by the software, the existing structure is slightly modified. A constant total deck width of 10 m all along the bridge is assumed and the reinforcement is computed with the same procedure used during the optimization. Figure 7 -Elevation of the existing bridge over Norrtälje River [32] . MB = movable bearing, FB = fixed bearing, FP = footpath.
Optimal solution: results and discussion
During the optimization of the static system, only pier locations are used as variables. Type and cost of expansion joints depend on the elongation they must accommodate. Since this cost and their environmental impact is not included in the calculation, all deck bearings are considered movable except for the one closest to the centre of the bridge. In this way, the two expansion joints at the ends of the bridge would work in the same way and thus have the same cost regardless of the final solution. Moreover, aiming at even elongations is the common practice nowadays. Concerning the penalty factor (μ in Eq. (3)), several tests are carried out and the value 1.5•10 8 is found suitable for the formulation of the constraints and the magnitude of the objective functions. Table 3 shows the assumed feasible ranges for the cross-section dimensions. One should remember that during level 1 the deck cross section is constant along the bridge and the dimensions are assigned by the user; except for the height of the web (h1) that is computed as explained in Section 2. Table 4 presents all the different values that are used as preassigned parameters in level 1 optimization. All possible combinations of these values are tried while assuming five spans as in the built bridge. The aim is studying the effect of initial cross-section dimensions on the optimal static system. Given certain sets of cross-section dimensions, the optimal solution results in a deck so tall that the requirement of minimum vertical clearance at the footpaths is not fulfilled. Therefore, no feasible solution is found. In the next paragraphs, whenever an infeasible solution for level 1 will be mentioned, it will refer to this instance. The best results for both investment cost and environmental impact are found with long and thin cantilevers. To explain this, consider Figure 5 : the flange does not play a significant role in the resistance of the cross-section while adding material and thus cost. Therefore, for a given cantilever length, its thickness should be as small as possible. Furthermore, the governing dimension for the deck stiffness is the web height. Since the total deck width is fixed, a shorter cantilever would lead to a wider web but not a much stiffer cross-section. Once again, it would result in additional material and cost without additional resistance. Results also show improvement in the performance with increasing web inclination (b2/h1). This results from the highest bending moments being reached at the supports where the upper part of the cross-section requires higher resistance. However, it is not always possible to find feasible solutions for high values of the inclination (0.8, 1) in level 1. In these cases, the web in the lower part becomes very narrow and thus the reinforcement is placed in several rows; its centre of gravity is moved upwards with a consequent reduction of the bending resistance. To increase the resistance, an even taller cross-section is necessary with the risk of not fulfilling the requirement about the minimum vertical clearance over footpaths. Therefore, it is advisable to assume intermediate values of the web inclination (0.3, 0.5) in level 1. A and Table 2 ), the two objective functions seem not to be conflicting. Thus, a multi-objective approach would not be necessary. Table 5 and Table  6 show results of level 1 optimization for two different deck cross sections. It can be noticed that optimizing IC or EI lead to similar solutions in terms of piers location and almost equal objective functions. The same behaviour is observed for other dimensions of the cross-sections. It is important to mention that values of IC and EI shown in this paper are obtained as explained in Section 2. In particular, IC will not be the actual total investment cost of the built solution since several contributions have not been considered (e.g. rent of machineries, cost of design etc.). Values of IC and EI shown in the tables should be treated as scores associated to solutions to allow ranking them. What matters the most is the relative differences/savings between solutions and not the absolute values. However, the way IC and EI have been formulated in this work makes them suitable objective functions for this optimization problem. Indeed, the neglected contributions would not change significantly going from one solution to another; IC and EI here consider only what actually differentiates a solution from another one in terms of material amount and buildability.
Another important result of the parametric study on the initial values of the deck cross-section concerns the relation between investment cost (IC) and environmental impact (EI). With the current material prices and emissions (Appendix
Based on all these considerations, the following values are assumed for the initial deck crosssection: h3 = 200 mm, b3 = 2500 mm and b2/h1 = 0.5. Three possible configurations are studied for level 1: four, five and six spans. No feasible solutions are found for four spans with neither of the objective functions. Concerning the cases with five and six spans, IC and EI are not conflicting in the current case study: minimizing one leads to a low value of the other as well and to similar solutions. Thus, from here on, only results regarding the minimization of EI will be shown. Finally, the difference in terms of EI and IC for the cases with five and six spans is not significant (0.2 -0.3%); therefore, in this case, the user can decide which static system to use in level 2 based on other criteria. In contrast to the case with six spans, the optimal span lengths of the case with five spans led to an almost symmetrical static system, which has been considered more pleasant from the esthetical point of view. Thus, this solution is used in level 2 and it is characterized by the following span lengths: 22.1 + 25.8 + 28.4 + 26 + 21.7 m. During level 2 optimization, the following variables are used: thicknesses of the cantilever (h2 and h3), amplified inclination of the web (1000*b2/h1) and web height (h1). The web inclination is amplified in order for all the variables to have values with the same order of magnitude. In this way, the searching domain of each variable will be analysed at the same extent with the mesh applied by the PS. The total deck width is fixed, thus either the cantilever length (b3) or the web width (2b1) can be used as variable. To understand which one is the most suitable for the problem, both cases are studied and the results of the optimization are shown in Tables 7-10. Tables 7 and  9 show the comparison between the built solution (BS) and the optimal solutions (OS) obtained with 2b1 and b3 as design variables, respectively. In both cases, a reduction of 8-14% on both IC and EI is obtained. Such results can be further improved tuning the parameters of the optimization algorithms. For instance, a progressive reduction of the initial mesh for PS from 150 to 0.150 shows an improvement in the performance: savings of 12.1% and 15.2 % respectively for IC and EI are achieved with an initial mesh equal to 0.150. Each complete solution is characterized by eleven cross-sections along the deck with different dimensions: one cross-section at each pier location and one at each mid-span. For the sake of brevity, concerning the dimensions in Tables  8 and 10 , only highest and lowest values along the bridge are shown for the case with initial mesh of 150. All cases show large variations in the web height as expected for a continuous beam. However, the case with 2b1 as design variable (Table 8) , presents shorter sections at the supports (i.e. lower maximum values of h1). Concerning the cantilever, all cases tend to make it as slender as possible as expected. However, the case with 2b1 as design variable has longer cantilever than the others and thus steeper web inclinations (i.e. lower values). The consequence of these differences is that the performance of the optimization process with b3 as variable (Table 9) is slightly better. The geometric differences listed above have an effect on the savings in terms of materials. It can be noticed that high savings in the reinforcement amount correspond to high saving in both EI and IC (Table 9 ). When the reinforcement amount is increased in order to reduce the concrete, the performance is poorer ( Table 7) . These results are a first hint of the fact that the optimization is mainly led by the reinforcement. Figure 8 shows the variation of the quantities in Table 9 during the optimization. The vertical line represents the passage from level 1 to level 2, which needs many more generations to find the optimal solution due to the higher number of variables. All quantities are normalized with respect to the corresponding values in the first feasible solution. The trends of the investment cost and the environmental impact are similar, thus confirming the idea that the two objective functions are not conflicting. In some portions of first graph, the environmental impact shows a slightly stronger dependence on the concrete amount than the investment cost. Such result is confirmed by Figure 9 that shows the materials contribution on EI and IC for the optimal solution. Since only IC includes form and scaffolding, to make a fairer comparison, a modified IC that considers only concrete, reinforcement and RC piles has been computed. The graphs of Figure 9 clearly show that concrete has a higher impact on EI than it has on IC. However, reinforcement contributes the most to both IC and EI. Finally, concerning the impact categories, as expected, the highest contribution to the total environmental impact comes from the global warming, which accounts for 91% of the total impact. Figure 9 -Materials contributions on the total investment cost, total environmental impact and modified investment cost (i.e. investment cost of only concrete, reinforcement and RC piles).
An easy-to-build optimal solution
The optimal solutions presented up to now are characterized by spans of diverse lengths and deck dimensions varying all along the bridge. Construction of these solutions could be time-consuming and prone to mistakes. Thus, a more buildable solution (Buildable Optimal Solution BOS) is designed based on the optimal one. Table 11 and 12 show the comparison between the built solution (BS) and the buildable optimal solution (BOS) in terms of material quantities, IC, EI and geometry. Savings higher that 10% for both investment cost and environmental impact are obtained with a solution that, compared to the built one, does not make the construction work more complex. In the particular case of Norrtälje Bridge, the built solution is not extremely far from the proposed optimal one: the main differences are in the web inclination and height. This confirms that the existing solution has been designed by experienced bridge engineers. However, it is not always the case: employing the developed design software would allow designers with any experience to find suboptimal solutions and consider investment cost and environmental impact from the early design stage 800 in the field of spans 1, 3 and 5 1100 in the field of spans 1, 3 and 5 800 in the field of spans 2 and 4 600 in the field of spans 2 and 4 800 at the external supports 1100 at the external supports 1300 at all internal supports 1700 at all internal supports
PARAMETRIC STUDY
Results of the case study in Section 3 show the potential of integrating the current design practice with the use of the developed software. However, the purpose of this work goes beyond it and aims at producing graphs and guidelines for bridge engineers. An initial attempt is presented in this section: the aim is to suggest the optimal number of spans for a given total bridge length.
For a given total bridge length, a set of possible number of spans is determined such that span lengths are in the range 8-40 m. A constant bridge height of 5 m and minimum vertical clearance of 3 m all along the bridge are assumed. No infeasible regions for the piers are considered. For each number of spans, the optimal pier location to minimize IC or EI is determined. During the optimization, the deck cross-section is that used for level 1 optimization of the bridge over Norrtälje River. Figure 10 and 11 shows the results of this process for total bridge lengths in the range 25-200 m. On the vertical axis, the graphs show the value of the best objective function divided by the total area of the deck and then normalized with respect to the case with total length of 25 m and 2 spans. On the horizontal axis there is the total bridge length. For one value of bridge length and given number of spans, one point in the graph (i.e. one optimal solution) is found. Using these points and linear interpolation, for each number of spans in the range 2-7, it is possible to determine the curve which relates the minimum objective function and the total bridge length.
Comparing these curves, one can determine the optimal number of spans for a given total bridge length. The dotted vertical lines in Figure 10 and 11 represent the intersections between these curves, i.e. the bridge lengths at which there is a change in the optimal number of spans. Table 13 summarizes the results of the comparison between these curves for both Figure 10 and 11 ; intersection values are rounded at 5 m.
As the comparison between Figure 10 and Figure 11 shows, the different objective functions do not affect the results significantly. This confirms the hypothesis of non-conflicting investment cost and environmental impact. It is also interesting to notice that the shorter the bridge, the clearer the difference in terms of EI and IC between solutions with different number of spans. Accordingly, in the range of length 95-130 m, the solutions with five, six and seven spans do not differ that much. Indeed, at the end of level 1, for the bridge over Norrtälje River, it was not possible to choose between five and six spans only based on the optimization result. Finally, the optimal number of spans of Table 13 suggests spans shorter than 30 m. This is in accordance with the current practice in many European countries where pre-stressed concrete is used instead of reinforced concrete for longer spans.
Finally, sensitivity analyses on preassigned parameters have been performed for total lengths up to 100 m. Steel unit price has been studied in the range 20% ─ 200% of the initial price in Appendix A: the range of variation of the intersections of Figure 10 is limited to 4 m. Concerning the environmental impact, unit emissions of concrete and reinforcement in Table 2 have been gradually decreased by 50% separately: the range of variation of the intersections of Figure 11 is limited to 5 m. In both cases, results of Table 13 do not change significantly. 
CONCLUSIONS
In this paper, a two-steps automatic design procedure for road beam bridges is presented. It finds the solution that minimizes the investment cost or the environmental impact of the bridge, while fulfilling all requirements of Eurocodes. In the first step, given the soil morphology and the two points the bridge has to connect, it selects the optimal number of spans, type of connection piersdeck and pier locations taking into account any obstacle the bridge has to cross. In the second and final step, it finds the optimal dimensions of the deck cross-sections. Furthermore, the required reinforcement for the deck is designed in a detailed way: given the bar diameters, spacing and cover, the total amount of bars and the exact layout are determined. A software for the application of the proposed procedure is developed in MATLAB® and integrated with a commercial FEM software for the structural analysis of bridges. An application for the detailed design of reinforcement in RC sections is developed as well. Pattern Search provided in MATLAB® Optimization Toolbox is used as optimization algorithms together with a modified version of Genetic Algorithm. A memory system is integrated to make the process faster and treat continuous variables in a discrete way. In this paper, the software is tested to produce a virgin design of an existing structure. Several analyses have been carried out in this case study leading to the following results.
Solutions that combine structural optimization and buildability can be designed based on the results of the optimization procedure. In the presented case study, the comparison between the proposed solution and the built one leads to savings in the range 10-15% on investment cost (IC) and environmental impact (EI) without increasing the complexity of the structure.
The promising results obtained in this case study suggest that the software would be a useful tool for bridge engineers with any level of experience. Moreover, its deployment would significantly reduce the duration of the design phase, while allowing the consideration and quantification of the environmental impact from the early design stage.
Furthermore, the software presented in this paper can be used as a tool to produce diagrams and guidelines for bridge designers. In the present paper a first attempt to produce these guidelines is included as well. The optimal number of spans for 10 m wide, 5 m high beam bridges are suggested for length in the range 25-200 m.
Finally, within the limitations of this work, IC and EI seem not to be conflicting; therefore, a complex multi-objective approach should not be needed. Indeed, despite the environmental impact being more sensitive to variations of concrete amount than the investment cost, the quantity leading the optimization process is the reinforcement amount for both objective functions. A multi-objective optimisation could be needed for other bridge types than the one studied here or when considering other life cycle stages or design variables. A cradle-to-gate approach is used here for EI, while IC includes only material cost and labour cost during construction. Future work should extend the analysis to include the whole life-cycle of the bridge and consider durability of materials. Finally, the choice of materials and materials quality or deck type would also represent an interesting addition to the proposed design method.
APPENDIX A UNIT PRICES
Unit prices (Cm) of material used for the calculation of the material cost as part of the total investment cost (Eq. (5), Section 2.2). Figure 3 . 
APPENDIX C
ECOVALUE-WEIGHTING SET
Weighting factor (wk) used for the calculation of the environmental impact (Eq. (9), Section 2.2). 
